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Continuum crystal plasticity — Deformation
mechanisms

Slip systems: {111} (110)

Schmid Law : 7° =g :m° = 7

[001]4

1
I,Ils:5(!s®ﬂs+ﬂs®!5)

n® : normal to the slip plane

I° : slip direction
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Lattice rotation

Lattice rotation:

¢ = arccos (tr(li)—l)

with F¢ = RU
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Plan

@ Introduction

© Rice's solution of the crack problem in SX
@ Plane strain and effective slip systems
@ Balance of momentum; field equations
@ Extension of the solutions

© 3D effects on the crack tip fields
@ Loading conditions
o Comparison surface-core

@ Confrontation to experimental results

e Application to fatigue
@ Deformation at the crack tip under cyclic loading
@ Crack propagation paths

@ Conclusions-perpectives
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© Rice's solution of the crack problem in SX
@ Plane strain and effective slip systems



Effective slip systems
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Effective slip systems

Crack plane: (001)

[001]4

[110]

Notation : ~(plane)[direction de propagation|
~(001)[110] = Orientation S

Rice's solution of the crack problem in SX
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Effective slip systems

A [11

2]

Rice's solution of the crack problem in SX
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Effective slip systems
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Effective Schmid law: §).g.N) = g()7,
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Effective slip systems

no 0 NG S(s)
[OOI]TXZ B
(T11)[110]
AV VAR VA V4 (111)[110]} (0on)[110] (1)
VAVAYVAVARE I
‘ (11T)[101] _
[110] (111)[011]} (111)[112] (3)

1

s

VAVAVAN
A2

/\

Effective Schmid law: §).g.N) = g()7,

— 2 2
NG ) <U11 . 022> N <N£s) Vo > 012 = A

Rice's solution of the crack problem in SX 8/43



Yield surface
o Wl NE) S()
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Yield surface
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Rice's solution of the crack problem in SX
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Yield surface
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Yield surface
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© Rice's solution of the crack problem in SX

@ Balance of momentum; field equations



Field equation for balance of momentum

Oojj
Ox;
Cartesian stress components as functions of cylindrical
coorodinates (r, 0) :

=0

divg =

X1 = rcosf
Xp = rsinf

80’,:,'& (%U@_

e =5 o T o0 ax °
. (0o . . (0012 _
_rhjb 20 sm&—i—rlm) 20 cosf =0
. (0012 . . (0o B
_r'L”B 20 sm0—|—rlﬂwo 20 cosf =0
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Field equation for balance of momentum

0o1a _ N§S)N§S) 0 (011 — 022)
0 R VO
2= limy 9(011 + 72)
00
b= lim,_o (17_022)
N(S)N(S)
asind+b |2 (S) ()c050+sin6’ =0
N,
- NN e
asinf+b ﬁsmﬁ—kcosﬁ =0
N, N;®
do11
IIrnr—>0 90 =
e a—bh=0—1 | oy 0 Cartesian stress components
T 'Mr—0~5,~ 8@9 - constant in sectors
lim,_o g;z =0
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Field equation for balance of momentum

N(S) N(S)
Discontinuity conditions:  tan26 =2 L 2 2

2
Nés) o Nfs
= 6 possible values:

o [0 35.26° 54.74°
| 90° 125.26° 144.74°
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Construction of a solution of the crack problem

FoA ¢

011 — 022

Rice's solution of the crack problem in SX

>
[110]
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Construction of a solution of the crack problem

F A2 | Boundary conditions
@ 010 = 0
@ 020 = 0
@ 011 =77
A D
> A[001]
011 — 02
2
B C

>
[110]
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Construction of a solution of the crack problem

F A2 | Boundary conditions
@ 010 = 0
@ 020 = 0
@ 011 =7
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Construction of a solution of the crack problem

F A012

E

solution
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Rice's solution of the crack problem in SX
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Construction of a solution of the crack problem

F A2 solution

° 0'12 = fToc
o 022 — \/ TOC

90°

2

>
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Construction of a solution of the crack problem

F A2 solution
° 01C2 = —\/§Toc
° azcz —+/3/270c
A
B C

Rice's solution of the crack problem in SX



Construction of a solution of the crack problem

F A2 | solution

OO']%:

OO'ZDz:

° alDl = 67Toc

>
[110]
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Construction of a solution of the crack problem

F A2 E solution

o ob =

° azDz = 0 not acceptable !
° alDl = V/670c

Rice's solution of the crack problem in SX
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Construction of a solution of the crack problem

F A2 | Boundary conditions
@ 010 = 0
@ 020 = 0
@ 011 =7
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Construction of a solution of the crack problem

F A2 solution
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Construction of a solution of the crack problem

F A2 solution
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Construction of a solution of the crack problem

F A2 | solution
(] 0-12 - \/—Toc
o 022 = 2\/_Toc

° 0131 = 3/2v/67c

>
[110]
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Construction of a solution of the crack problem

F A2 | solution

(] O-1A2:

° 05‘2 = 2v670c
o of =2vb67,c

>
[110]

Rice's solution of the crack problem in SX 13/43



Construction of a solution of the crack problem

F A2 solution

o 01A2:

° 05‘2 = 2\@7’0Cacceptable I
° a{‘l = 2v/67T0c
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A systematic derivation method

Discontinuity condition:

A (s) p/(5)
tan 29 = 2(I\)I]2'IV2()2
S S
N2 Nl
[,H?m A [001]
2
n
A
>
v [110]
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Finite Element analysis - Orientation S ~(001)[110]

s=12

'3/eq = Z |'7s|
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Experimental work

[Cho, 1991] [Li, 1991] [Shield, 1994, 1996] [Crone, 2001]

@ Procedures :

@ four—point bending test
@ aluminium/copper
© interfrometry
@ Observations :
@ slip lines at the free surface
@ sectors
© displacement field measurement
@ strain field at the free surface
© lattice orientation field at the free surface
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Limitations

Theory-hypotheses  Experimental procedure

. .. Solutions
o perfect plasticity =~ @ copper and aluminium

— work—hardening

@ large plastic zone

o confined plasticity ¢ opservation at the free

@ plane strain surface

@ crack @ notch
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Plan

© 3D effects on the crack tip fields
@ Loading conditions
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Plan

© 3D effects on the crack tip fields

o Comparison surface-core
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@ Confrontation to experimental results



Experimental approach

@ Mechanical testing

@ CT specimen
@ Pre—cracking at 650°C

@ decreasing AK
e R=0.1

© Polishing
@ Monotonous tension at 20°C
@ Observation means
© Optical-SEM (indexing slip planes)
@ Roughness measurement (out—of—plane displacement)
© EBSD - Lattice rotation
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e Application to fatigue
@ Deformation at the crack tip under cyclic loading
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Cyclic loading - orientation ~(001)[110]

@ only the band ahead of the crack tip continues to deform
during cycling

@ ratchetting
CED
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Plan

e Application to fatigue

@ Crack propagation paths



Crack path C

100pm
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Crack path K

pre—cracking at 650°C
@ monotonic loading at 20°C

observation of the strain field

cyclic loading at 20°C

@ observation of the crack path
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Conclusions

@ The continuum approach can be applied at the crack tip
providing that :
e real crystal orientation
e 3D computation
e introduce work—hardening

But :
e crack orientation ~(001)[100] is more complex (number of
activated slip systems)
@ New aspects:

o Observation of the existence of kink bands

o Cube slip lines were not confirmed — additional tests

e Impact of straint localization at the crack tip of subsequent
crack growth
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Studied crack orientations
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